Mineralization of hydrogel biomaterials is desirable to improve their suitability as materials for bone regeneration. In this study, gellan gum (GG) hydrogels were formed by simple mixing of GG solution with bioactive glass microparticles of 45S5 composition, leading to hydrogel formation by ion release from the amorphous bioactive glass microparticles. This resulted in novel injectable, self-gelling composites of GG hydrogels containing 20% bioactive glass. Gelation occurred within 20 minutes. Composites containing the standard 45S5 bioactive glass preparation were markedly less stiff. X-ray µCT proved to be a highly sensitive technique capable of detecting microparticles of diameter approximately 8 µm, i.e. individual microparticles, and accurately visualizing the size distribution of bioactive glass microparticles and their aggregates, and their distribution in GG hydrogels. The widely used melt-derived 45S5 preparation served as a standard and was compared to a calcium-rich, solgel derived preparation (A2), as well as A2 enriched with zinc (A2Zn5) and strontium (A2Sr5).A2, A2Zn and A2Sr bioactive glass particles were more homogeneously dispersed in GG hydrogels than 45S5. Composites containing all four bioactive glass preparations exhibited antibacterial activity against methicillin-resistant Staphylococcus aureus (MRSA).
Introduction
Gellan gum (GG) is an inexpensive anionic polysaccharide produced biotechnologically using bacteria, from which hydrogels can be formed by crosslinking with divalent ions such as Ca 2+ .
In order to improve the suitability of hydrogels for applications in bone regeneration, various strategies have been employed to enrich hydrogels with a mineral phase (Gkioni et al., 2010) , most commonly a form of calcium phosphate (CaP) which is desirable to promote bioactivity,
i.e. a material's capability to bond directly to bone tissue (LeGeros, 1991) . The presence of CaP also promotes adhesion and proliferation of bone-forming cells in vitro and reinforces the hydrogel mechanically (Douglas et al., 2014a) .
The most common strategy to incorporate minerals is the addition of preformed inorganic particles. Several groups have incorporated microparticles of bioactive glass, (BG), especially the 45S5 formulation (composition in wt%: 45 SiO 2 , 24.5 CaO, 24.5 Na 2 O, and 6 P 2 O 5 ) (Hench, 1998) , into hydrogels, and subsequently incubated the resulting composites in simulated body fluid (SBF) to induce CaP formation (Marelli et al., 2010) . Upon incubation in SBF, an apatite forms on the surface of bioactive glasses, resulting in bioactivity (Jones, 2013) .
A further advantage of using bioactive glasses is their high amorphousness and ability to release Ca 2+ to crosslink GG and induce GG hydrogel formation (Douglas et al., 2014b , Gorodzha et al., 2016 . Such composites can be implanted in a minimally-invasive fashion by injection.
Other advantages of bioactive glasses include their antibacterial properties, both alone and as components of hydrogel-bioactive glass composites (Allan et al., 2001 , Douglas et al., 2014b F o r P e e r R e v i e w Gubler et al., 2008 , Hu et al., 2009 ) and, since bioactive glasses are amorphous in nature, straightforward incorporation of metal ions and therapeutic drugs. These can influence cell behavior and impart antibacterial activity (Hoppe et al., 2011, Hum and Boccaccini, 2012) .
Two such metal ions relevant in bone regeneration have been incorporated into bioactive glasses: zinc (Zn) and strontium (Sr). Previously, it was revealed that inorganic biomaterials enriched with Zn demonstrate antibacterial properties (Douglas et al., 2015) , while Srenriched inorganic biomaterials have been reported to promote osteoblast proliferation and differentiation (Boanini et al., 2012) .
The aim of the present study was the generation of novel, self-gelling, injectable hydrogelbioactive glass composites by simple addition of bioactive glass microparticles to GG solution, resulting in hydrogel formation. The bioactive glass type studied was a Ca-rich preparation derived by a sol-gel process, hereafter referred to as A2. In previous work, A2
was enriched with Sr, and incorporated into solid polymer scaffolds, leading to improved cell proliferation (Dziadek et al., 2016) . In the present study, A2 was enriched either with Sr or with Zn to create novel compositions, hereafter referred to as A2Sr5 and A2Zn5, respectively.
The widely used melt-derived 45S5 preparation was also included as a reference material.
It was hypothesized that the composition of the bioactive glass preparation would influence:
(i) the speed of gelation of the GG hydrogel to form the hydrogel-bioactive glass composite and the viscoelastic properties of the composite;
(ii) the homogeneity of the distribution of the bioactive glass within the composite;
(iii) the composites' antibacterial activity;
(iv) the adhesion and proliferation of osteoblast-like cells seeded on the composites and Bioactive glass microparticles were characterized by laser diffraction. The speed of gelation of hydrogel-bioactive glass composites and their viscoelastic properties were studied by rheometry. X-ray micro-computed tomography (µCT) analysis of composites was performed.
This advanced technique not only enables the distribution of bioactive glass microparticles and aggregates in hydrogels to be studied, but also evaluation of the sizes of aggregates. This high-resolution technique is applicable in the wet state, unlike other high-resolution techniques such as electron microscopy.
Biological characterization involved assessment of the cytocompatibility of the composites and their ability to promote the adhesion and proliferation of osteoblast-like cells, as well as their antibacterial properties towards methicillin-resistant Staphylococcus aureus (MRSA).
Staphylococcus aureus is the most commonly occurring in orthopedic healthcare-related infections. MRSA is particularly problematic due to its resistance to certain antibiotics. It is desirable that a material for bone regeneration exhibits antibacterial activity as a preventative measure to combat bone infection, or osteomyelitis. MRSA are known to commonly appear on skin but can cause infections in bone defect sites and broken bones, especially if the patient's immune system is weakened. MRSA can spread to bones by invading a severe injury, deep cut, or wound near to a bone defect, or by entering at another site and migrating to the bone defect via the blood stream.
Physicochemical characterization after incubation in SBF involved determination of the amount, morphology and nature of mineral formed by Fourier-transform infrared F o r P e e r R e v i e w spectroscopy (FTIR), scanning electron microscopy (SEM) and inductively coupled plasma optical emission spectroscopy (ICP-OES).
Materials and Methods

Materials
All materials, including GG (Gelzan™ CM, Product no. G1910, "Low-Acyl", molecular weight 200-300 kD), were obtained from Sigma-Aldrich, unless stated otherwise.
Bioactive glass particle synthesis and characterization
Bioactive glass synthesis
The A2, A2Sr5, and A2Zn5 bioactive glasses were produced by a sol-gel method as described previously (Laczka et al., 2000) . 22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w been used previously in several studies combined with biopolymers, for example to prepare bioactive glass-soy protein composites (Silva et al., 2014) .
Zeta potential measurements
A2Zn5, A2Sr5 and 45S5 bioactive glass particles were suspended in Phosphate Buffered Saline (PBS, prepared in lab) and distilled H 2 O at a concentration 1 mg/ml, for zeta potential measurements. Zeta potential was measured using a Zetasizer Nano Series (Malvern Instruments, Hoeilaart, Belgium). The microparticle suspensions were transferred into DTS 1060 disposable folded capillary cells. Measurements were carried out at a temperature of 25°C. Because of possible reaction of bioactive glass with dispersant agent (H 2 O, PBS) for each as prepared suspension the pH was also measured due to its impact on the zeta potential.
For bioactive glass-water suspensions, pH was adjusted to pH 7.5 with 1 M HCl.
The potential was determined five times (each measurement being the average of 100 runs) and the mean values and standard deviations were calculated (see table) . The instrument automatically calculates zeta potential according to Smoluchowski's equation.
Microparticle size distribution measurements
Microparticle size distributions were measured by laser diffraction (Mastersizer-S long bench, Malvern Instruments, Malvern, UK), using the wet dispersion technique. The powder (about 100 mg) was dispersed in 10 ml of a 0.1% (m/v) CaCl 2 solution were heated to 70ºC, mixed and allowed to cool and set at room temperature.
Gelation speed was investigated by performing rheometrical measurements with an AR1000N Rheometer (TA Instruments). All experiments were performed at 37º C at strain 1% and frequency 1 Hz using a plate-cone setup with a stainless steel plate and an acrylic cone of 4 cm diameter.
To study release of ions from composites, composites of volume 1 ml were submerged in 1 ml ddH 2 O water for 24 h. The water was retained and analyzed using ICP-OES as described previously (Douglas et al., 2012) . Samples were directly diluted 1:10 with 0.14 M HNO 3 prepared after properly diluting 14 M HNO 3 (purchased from Fisher Chemicals, UK, and further purified by sub-boiling distillation in a PFA system) with ultrapure water obtained from an Element Milli-Q water purification system (Merck Millipore, USA). External calibration was performed by measuring multi-element standards of Ca, Na, Zn, Sr and P at different concentration levels (0, 0.05, 0.1, 0.5, 1, 2.5 and 10 mg L -1 ), prepared by properly diluting the corresponding single element standard solutions (of 1 g L -1 ) with 0.14 M HNO 3 .
Y was added in all samples and calibration standards in a concentration of 1 mg L -1 to be used as internal standard to correct for matrix effects and/or possible instrument instability.
Elemental quantification measurements were performed in a Spectro Arcos ICP-OES 
Three-dimensional X-ray imaging
Image acquisition was performed with a laboratory x-ray source at the Detector Lab of the Institute for Photon Science and Synchrotron Radiation at the Karlsruhe Institute of Technology, Karlsruhe, Germany. For x-ray tomography acquisitions, an X-ray tube (Viscom X9160-D ED) was set to 60 kV voltage and 120 µA current. For detection, a Dexela 1207 with a 150 µm CsI CMOS sensor with active pixel size of 74.8 µm was used.
To ensure focal spot limited spatial resolution, the source sample distance and source detector distance were adjusted to 3.5 cm and 70.0 cm respectively with a total magnification of 20x resulting in a pixel size of 3.7 µm and a field of view of 3.2×5.7 mm 2 .
For each measurement, a series of 1200 projection images were taken over a 360° angular range with an exposure time of 4 s.
GG hydrogel-bioactive glass composites containing A2, A2Sr, A2Zn and 45S5 particles were placed in plastic Eppendorf tubes and visualized by means of x-ray µCT .
The 3-D volumes were reconstructed with Octopus software. To quantitatively study bioactive glass agglomerates, the Otsu thresholding method was used with subsequent labelling of connected components in a 3D volume performed with the morphology module of open source Python library (SciPy) (Jones et al., 2001) . Rendering and visualization of segmented bioglass agglomerations in 3D was performed by means of Avizo 8.1 software.
Antibacterial testing
To evaluate antibacterial properties, composites of volume 1 ml were submerged with a silicone disc in 1 ml containing 10 4 CFU Methicillin-resistant Staphylococcus aureus 
Characterization of osteoblast-like cell attachment and growth
Cell culture on GG-bioactive glass composites
Hydrogel composites were cast under sterile conditions in wells of 12-well cell culture plates (TPP, Switzerland), 1 ml per well. Six-mm discs were cut out using a sterile hole punch and 86051601) were used. These cells are considered as a suitable model for studies on cell adhesion and proliferation and have been widely used for testing biocompatibility of various biomaterials (Douglas et al., 2014b , Jirka et al., 2013 , Vandrovcova et al., 2014 . Each GGbioactive glass composite was placed in a well of a 24-well plate and a suspension of 100000 cells in 1.5 ml cell culture medium, i.e. GlutaMax High Glucose DMEM containing 10% fetal bovine serum, 0.1 mM Sodium Pyruvate and 1% Penicilin-Streptomycin, (all Gibco, Invitrogen), was added.
Cell visualization
A LIVE/DEAD staining (Calcein AM/propidium iodide, Life Technologies) was performed to evaluate cell adhesion and growth. After rinsing with PBS, the supernatant was replaced by 1 ml PBS solution supplemented with 2 µl (1 mg/ml) calcein AM and 2 µl (1 mg/ml) propidium equipped with a DP 70 digital camera; both manufactured by Olympus, Japan). Evaluations were performed on day 3 and 7 post-seeding.
Metabolic test
Metabolic activity of the cells was evaluated to estimate the growth (number) of the cells on day 7 after seeding. Triplicates of samples were analyzed. The samples were replaced into fresh wells in 24-well plate and washed with PBS. The composite discs were then incubated in resazurin solution (Alamar blue, Sigma, 40 µM work solution) diluted in cell culture medium without phenol red (DMEM with low glucose, without phenol red; Sigma, USA, Cat.
No. D2902). After 4 hour incubation in cell culture incubator, the composites were placed back into their cell culture medium. Resazurin fluorescence was measured at 590 nm with excitation at 530 nm.
Testing of eluates from composites
To produce eluates, composites of volume 1 ml were dissected into 4 equal parts. Each part was incubated in 5 ml of cell culture medium at 37 °C for 48 h. Eluates were diluted in cell culture medium by factors of 1 (undiluted), 2, 4, and 8. MG-63 cells (10000 per well of a 96-well plate) were subsequently incubated in eluate at the aforementioned dilutions for 72 h.
Afterwards, the eluate was replaced by 0.2 ml resazurin work solution and the metabolic test was followed as described above. Triplicate measurements were performed. The viability was calculated as a percentage of control cultures incubated with cell culture medium without eluate.
Statistical Analysis
The quantitative results were presented as the mean ± SD (standard deviation). The statistical analyses were performed using SigmaStat (Jandel Corporation, San Jose, CA USA). Multiple 
Mineralization studies in SBF 2.7.1 SBF production and sample incubation
The mineralization process of hydrogel-bioactive glass composites was performed by incubation in simulated body fluid (SBF) prepared according to Kokubo (Kokubo et al., 1990) . The composites were immersed in SBF solution and incubated at 37 °C in separate containers for 28 days. The ratio of the composite's weight (g) and solution's volume (ml)
was close 1/100. Afterwards the composites were taken out of SBF, frozen at -24 °C and subsequently subjected to a lyophilization process in order to obtain dry mass. Freeze-drying was performed using Labconco FreeZone 6l for 48 hours.
Physicochemical and morphological characterization of freeze-dried samples postincubation: FTIR, SEM, ICP-OES
Prior to FTIR, SEM and ICP-OES analysis, samples were freeze-dried.
Before and after mineralization experiments and subsequent lyophilization, the structure of the hydrogels was examined using FTIR. Spectra were recorded with a Bruker Company Vertex 70v spectrometer using the KBr technique. Spectra were collected in the range 4000-400 cm -1 and 128 scans were accumulated at 4 cm -1 resolution.
Morphology and elemental analysis of all freeze-dried samples before and after mineralization in SBF were determined using SEM (Nova NanoSEM 200 FEI Europe Company, USA, accelerating voltage 15 kV) coupled with an energy dispersion X-ray (EDX) analyzer. The 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w EDX spectra were collected at the point indicated by arrow in SEM image. Materials were analyzed after coating with a thin conductive carbon layer.
Elemental composition of samples was determined using ICP-OES as described previously (Douglas et al., 2012) . The ICP-OES technique, with detection limit between 1 µg/dm 3 and 1000 g/dm 3 , was also used to investigate the changes in ion concentration in the SBF after 14
and 28 days of composite incubation.
Results
Bioactive glass microparticle characterization, formation of hydrogel-bioactive glass composites and ion release from composites
Laser diffraction analysis results are shown in Figure S1a Sterilization by autoclaving had no effect on laser diffraction results (data not shown).
Zeta potential measurements are displayed in Results of rheometrical analysis are displayed in Figure S1b . In all cases, gelation appeared to have reached a plateau value after 20 minutes. Composites containing 45S5 exhibited markedly lower storage modulus values, suggesting lower stiffness. 
ICP-OES release of ions after 24 h (
X-ray µCT examination
Transversal sections of hydrogel-bioactive glass composites at two different heights are shown in Figure 1a . It can be seen that the distribution of bioactive glass in the composite containing 45S5 was significantly less homogeneous. The most homogeneous distribution of visible microparticles/microparticle aggregates was observed in the composite containing
A2Zn. This was confirmed by imaging of 3D composites distribution, the results of which are shown in Figure 1b .
Results of the analysis of the size distribution of the bioactive glass microparticles and microparticle aggregates in composites containing A2, A2Zn, A2Sr and 45S5 are presented in 
Cell biological characterization with MG-63 osteoblast-like cells
Fluorescence microscopy images of MG-63 osteoblast-like cells cultured directly on hydrogel-bioactive glass composites and in their eluates are presented in Figure 3a . On composites containing A2, A2Zn and A2Sr, cells remained viable after 3 days, formed viable clusters after 7 days, and in the case of composites containing A2, cell layers were formed.
However, no viable cells were observed on composites containing 45S5 after 3 days or 7
days. Cells proliferating on the bottom of the same wells together with composites containing A2, A2Zn and A2Sr formed layers of viable cells with no dead cells after 7 days. However, no viable cells and some dead cells were observed in cells cultured together with composites containing 45S5. It was noted that cell culture medium in the presence of composites containing 45S5 was noticeably more purple-colored, suggesting greater alkalization of the medium. Figure 3b . Cell numbers were significantly higher on composites containing A2, A2Zn and A2Sr than on those containing 45S5. Furthermore, values for composites A2Zn were significantly higher than those for composites containing A2Sr.
Cell numbers after cultivation in eluates from composites are shown in Figure 3c . Cell proliferation in undiluted eluates was significantly lower, especially for composites containing A2 and 45S5. Values for eluates diluted by a factor of 2 were closer to control values, but still significantly worse for all composites except those containing A2Sr. Cell numbers were not lower than controls when eluates were diluted by factors of 4 or 8.
Antibacterial testing
The results of antibacterial testing are displayed in Figure 3d . All composites containing bioactive glass showed significantly greater antibacterial activity than bioactive glass-free GG hydrogel controls. The values for composites containing 45S5 were markedly lower than those for the composites containing A2, A2Zn and A2Sr.
Mineralization of composites in SBF
FTIR spectra of hydrogel-bioglass composites before and after 28 days of incubation in SBF are shown in , corresponding to ν 4 antisymmetric stretching of PO 4 3-groups became more intense and narrower (Koutsopoulos, 2002) . Furthermore, the increase in intensity of the band at about 870 cm -1 , which could be connected with superimposed symmetric stretching mode of the P−O(H) bond of the HPO 4 2− group and C -O vibrations in CO 3 2-groups appearing in the structure of calcium phosphate, was observed (Koutsopoulos, 2002 , Rosseeva et al., 2008 SEM images and EDX spectra of hydrogel-bioactive glass composites before and after 28-day incubation in SBF are shown in Figure 5 . In the case of pure GG, no visible morphological changes after immersion in SBF were observed. Elemental analysis revealed the presence of Na and Cl on the surface of material. Composites showed morphological changes characteristic for precipitation of calcium phosphate, namely the appearance of roughly spherical, "cauliflower-like" deposits rich in P and Ca.
Results of elemental analysis by ICP-OES after incubation of hydrogel-bioactive glass
composites for 28 days in SBF are shown in Table 4 . As expected, no Ca or P was detected in GG controls without bioactive glass. Composites containing A2, A2Zn and A2Sr contained similar masses of Ca and P. In contrast, the masses of Ca and P in composites containing 45S5 were markedly lower. By comparing the molar amounts of elements present after incubation in SBF with the theoretical molar amounts present before incubation in SBF, it can be seen that the % molar increase in Ca was highest for composites containing 45S5, probably due to the much greater alkalization which favors HA crystallization. Composites containing A2Zn exhibited markedly higher % molar increases in Ca and P than composites containing A2 and A2Sr, but not 45S5. Approximately 48% and 80% of initial molar amounts of Zn and Sr, respectively, were lost due to incubation.
Ion concentration in SBF after immersion of hydrogel-bioactive glass composites are presented in Table 5 . After 14 days of incubation, hydrogel containing A2, A2Zn and A2Sr (Table 5 ) confirmed the results of elemental composition of composites (Table   4) , indicating lower Zn ion release compared to Sr, which was also indicated during composite incubation in ddH 2 O for 24 h (Table 3) .
Discussion
As stated in the introduction, it was hypothesized that the composition of the bioactive glass Composites containing 45S5 were mechanically weaker ( Figure S1b ). This can be attributed to lower Ca 2+ ion release from the preparation, which would result in lower ionic crosslinking of GG. 45S5 is melt-derived, while A2, A2Zn and A2Sr are all sol-gel derived. It is well known that, in general, sol-gel derived bioactive glasses release more ions than melt-derived bioactive glasses. Additionally 45S5 bioactive glass releases also Na + ions which do not (Morris et al., 2012) . Furthermore, the distribution of the 45S5 preparation was markedly less homogeneous. This could be seen visually using X-ray µCT imaging (Figure 1) . Furthermore, analysis of bioactive glass microparticles/microparticle aggregates revealed a lower total number of microparticles/aggregates ( Figure 2a ) and a lower percentage of microparticles/microparticle aggregates in the lowest size category (Figure 2b ), which indicate a larger degree of aggregation. It is noteworthy that the 45S5 preparation exhibited the lowest particle size (Figure 1a ) but the least homogeneous distribution ( Figure   1 ). This can be assigned to a lower stability and tendency for aggregation of small particles.
More neutral zeta potential is certainly not the cause, since the 45S5 preparation displayed markedly more negative values (Table 2) .
In this study, bioactive glass microparticles/microparticle aggregates of volumes as low as 320 µm 3 could be detected and quantified (Figure 2b ). This volume corresponds to an equivalent microparticle diameter of 8.5 µm (assuming a spherical microparticle shape). This is approximately one order of magnitude higher than the resolution obtained in our previous work on synchrotron X-ray µCT analysis of microparticles (Gorodzha et al., 2016) .
Considering the microparticle diameters calculated by laser diffraction (Figure S1a ), it appears that a high proportion of individual bioactive glass microparticles can be detected by the X-ray µCT technique applied in this study. It is known that aggregation of inorganic particles in hydrogels and inhomogeneous distribution are common occurrences , Leeuwenburgh et al., 2007 . The high-resolution technique presented in this study offers the possibility of semi-quantitative or even quantitative evaluation of microparticle dispersion and aggregation in hydrogel biomaterials. This should be useful for evaluating strategies to reduce microparticle aggregation and improve dispersion. The poorer cell proliferation on composites containing 45S5 and in the eluates from these composites might be ascribed to increased alkalization of the medium due to Na + ions release as was confirmed by ICP-OES analysis of SBF (Figure 3a , 3b and 3c, Table 5 ). Another possible explanation is a relatively low stiffness of these materials. It is known that the adhesion and spreading of cells on soft and deformable materials is limited or even disabled, because these materials cannot resist the tractional forces generated by cells (for a review, see (Bacakova et al., 2011) ). Similarly, the osteogenic differentiation of human umbilical cord stem cells was lower on polyacrylamide gels of a lower stiffness (Witkowska-Zimny et al., 2012) . In addition, the composites containing 45S5 had a markedly more negative zeta potential. In our earlier studies, negative zeta potential was associated with a lower proliferation of human osteoblast-like MG-63 and Saos-2 cells (Jirka et al., 2013 , Vandrovcova et al., 2014 .
It is noteworthy that cells seeded on composites containing A2Zn and A2Sr did not proliferate worse than those seeded on composites containing A2, which did not contain any Zn or Sr.
Hence, incorporation of Zn or Sr in bioactive glass does not adversely affect cytocompatibility. Cells cultured directly on composites containing A2, A2Zn and A2Sr displayed a round, spherical morphology after 1 day, but a more spread morphology after 7 days, suggesting better adhesion. It is possible that this improved morphology is due to proteins secreted by the cells in the course of 7 days which adsorbed to the composite surface.
The antibacterial effect of composites containing A2 observed in this study (Figure 3d ) is consistent with results reported in previous work (Douglas et al., 2014b (Table 3) ), ionic strength and bioactive glass debris production have all been
proposed to contribute to antibacterial effect of bioactive glasses in solution (Allan et al., 2001 , Gubler et al., 2008 , Hu et al., 2009 , Misra et al., 2010 , Zehnder et al., 2006 , Stoor et al., 1998 . The antibacterial effect of 45S5 in this study is consistent with the results obtained in some studies (Hu et al., 2009 , Misra et al., 2010 , Rivadeneira et al., 2013 , although it should be noted that little or no antibacterial effect was demonstrated in other studies (Bellantone et al., 2002 , Gorriti et al., 2009 , Xie et al., 2008 . Further work should involve bacteria different from Staphylococcus aureus.
Formation of CDHA in composites containing bioactive glasses after incubation in SBF was confirmed directly by FTIR (Figure 4 ) and SEM/EDX (Figure 5 ) analysis, and indirectly by the increase in Ca and P content measured using ICP-OES (Table 3 ). The reasons for the higher relative increases in Ca and P in composites containing A2Zn and 45S5 remain unclear. Nevertheless, it is known that some ceramic materials, e, g. hydroxyapatite and other calcium phosphates, are able to trap actively Ca ions from the surrounding solutions, e.g. from the cell culture medium, and this depletion of Ca attenuates the cell growth on these substrates F o r P e e r R e v i e w (Mestres et al., 2012 , Schumacher et al., 2013 . X-ray µCT examination (Figures 1, 2 , S2, S3, S4, S5) did not reveal more homogeneous distribution of bioactive glass in these composites.
Nor was a greater number or proportion of small microparticles/aggregates in Regions I and II observed. Hence, it seems unlikely that the differences in amounts of Ca and P are due to differences in surface area of bioactive glass available for CDHA deposition. It is conceivable that differences in ion release rates from the different bioactive glass preparations may have played a role.
More Zn than Sr remained in composites after incubation in SBF for 28 days (Table 4 ). It is conceivable that Zn released from bioactive glass may have been incorporated into newly formed CDHA to a greater extent than Sr. Another possibility is that due to the greater extent of mineral formation in composites containing A2Zn5, the diffusion of Zn out of composites may have been impeded to a greater extent. Other factors may be differing affinities of GG for Zn and Sr. A stronger affinity would lead to more retention within the hydrogel network.
Conclusion
Novel injectable, self-gelling composites of GG hydrogels containing 20% bioactive glass were prepared by a simple mixing technique. Gelation occurred within an acceptable time frame for injection (within 20 minutes). Composites containing the standard 45S5 bioactive glass preparation were markedly less stiff. X-ray µCT proved to be a technique capable of detecting microparticles of diameter approximately 8 µm, i.e. individual microparticles. The size distribution of bioactive glass microparticles and their aggregates, and their distribution in GG hydrogels, was visualized accurately using this high-resolution technique. A2, A2Zn
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